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In the statement at the beginning of the second paragraph above, 
the phrase, "previously eroded valleys," occurs. This should be 
emphasized, for it is evident that embayments of another kind, 
namely, those formed by the irregular growth or by the partial 
engulfment of a volcanic island, do not indicate subsidence. Hence 
it is important that valleys of erosion, such as are normally exca- 
vated by consequent streams on the slopes of an extinct volcano, 
should be distinguished from the depressions between lava-flow 
promontories, and from the graben-like depressions or engulfments 
by which the slopes of volcanic cones are sometimes breached. A 
characteristic feature of valleys of erosion, and one in which they 
differ from engulfed graben, is their somewhat symmetrical repe- 
tition all around a volcanic cone, — unless one side be much drier 
than the other; another characteristic feature is the outcrop of 
eroded lava beds on the valley sides, and in this way valleys of 
erosion differ from unfilled depressions between two non-eroded 
flows. Depressions of uncertain origin may of course occur in the 
flanks of one volcano or another, but, as a general rule, valleys of 
erosion can be recognized; and it may be fairly believed that the 
depressions occupied by bays in the central islands of so many 
barrier reefs are true valleys of erosion, simply on the evidence of 
their form and their radial arrangement as represented on large- 
scale charts. 

•Concluded from pp. 561-577 and 641-654. 
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722 The Home Study of Coral Beefs 

The logical value of this consequence in giving support to the 
theory of subsidence is very great, inasmuch as the facts, for which 
it provides the mental counterparts, were entirely unknown when 
the theory was invented ; inasmuch as they are not accounted for by 
any other theory, with the possible exception of the eighth in the 
present list; and inasmuch as they are easily recognizable and in- 
disputable — much more so indeed than the evidence supplied by 
biotic relations. 

A corollary of the formation of embayments by the subsidence 
of a dissected island is that the growth of deltas will be prevented, 
or at least retarded ; for a short stream draining a small valley may 
not be able to build up a delta fast enough to keep the sinking delta 
surface above sea level ; but, on the other hand, a larger river drain- 
ing an extensive catchment area may bring down so much sediment 
as to fill an embayment and build forward its delta as a salient, 
even if the delta growth is reduced by subsidence to a less rapid 
rate than it would have on a still-standing island. Hence the deltas 
formed by certain rivers on the larger islands of the Fiji group do 
not of themselves necessarily testify to a still-stand, much less to 
an elevation of those islands. 

A second corollary is that the lagoon deposits, consisting chiefly 
of horizontally bedded limestones with interbedded gravels, sands 
and muds along their inner margin, must unconformably overlie 
a more or less eroded and dissected land surface; thus, in their 
relation to the volcanic rocks that they cover, as well as in their 
own structure, they are significantly different from the reef-mass 
formed by outgrowth from a still-standing island; and in uplifted 
reefs these differences ought to be discovered by critical search. 

A third consequence of the present theory is that, like elevation, 
subsidence may be unequal in the neighboring islands of the same 
group ; for there is no reason to suppose that the deformation of the 
ocean bed is perfectly uniform. This consequence is of peculiar 
interest, because it is unlike the uniform rising of the sea in all 
parts of the ocean, by which, according to the last theories here to 
be discussed, the effects ordinarily ascribed to subsidence are ac- 
counted for. Unequal subsidence may, however, be difficult to 
recognize in nature. A test case may perhaps be imagined : — let a 
newly uplifted, elongated island suffer partial dissection while a 
fringing reef is formed around its shore line; let it then be ele- 
vated some 500 feet, and let mature valleys be eroded down to the 
new sea level, while a new fringing reef is formed around the new 
shore line; finally, let unequal subsidence take place, whereby the 
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island is depressed only fifty feet at one end and 500 at the other, 
and, during this subsidence, let the second fringing reef be trans- 
formed into a barrier reef. As a result of all these changes, the 
island will have a slightly embayed shore line at one end where the 
remnants of the first formed fringing reef stand 450 above sea 
level, and a deeply embayed shore line at the other end, where the 
first reef remnants will be at sea level; and the new barrier reef 
will stand near the slightly embayed end of the island but farther 
out from the other end. Indeed, even without the remnants of the 
elevated fringing reef, the systematic relation of increasing length 
of the drowned-valley embayments and the increasing width of the 
barrier-reef lagoon, from one end of the island to the other, would 
go far toward demonstrating unequal subsidence. If a long island 
were depressed at one end and elevated at the other, the increasing 
effects of these opposite movements on either side of the medial 
fulcrum might be recognized. There have been abundant specu- 
lations of a general nature regarding unequal subsidence of large 
oceanic areas, but few if any detailed studies of unequal subsidence 
in single groups of islands; yet it would seem that, in the many 
island groups of the Pacific, the peculiar consequences of unequal 
subsidence here pointed out might be found. They should cer- 
tainly be looked for. 

A fourth consequence must not be overlooked. If subsidence 
has taken place in the Pacific Ocean over a large area and to a 
great amount in modern geological time, as Darwin inferred from 
the features of coral reefs, and as some zoologists are prepared to 
demonstrate on the evidence of reiated fauna of many islands, a 
large volume of water must have been supplied from elsewhere to 
cover the subsided area. It is sometimes assumed that the needed 
water volume was drawn from all parts of the ocean, and that as a 
result the sea level would be everywhere depressed and many shal- 
low sea bottoms would be laid bare as lowlands on continental 
borders. When it is found that lowlands of geologically modern 
emergence do not appear to be so extensive as this argument de- 
mands, wide-spread modern subsidence in the Pacific is held to be 
disproved. 

But the assumption that the needed water volume is drawn from 
all parts of the ocean is unnecessary and improbable; for it is 
based on the associated assumption that the only sea-bottom change 
is in the region of subsidence, and this is unreasonable. It should 
not be supposed that the subsidence of a large area in the Pacific 
means that the earth-radii beneath it have been simply shortened, 
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as if that part of the earth's inner substance had contracted. It is 
vastly more reasonable to suppose that, if a certain Pacific area 
subsided, adjoining areas were at the same time upheaved by a 
lateral transfer of sub-crustal material from beneath the subsiding 
area ; furthermore it is not unreasonable to suppose that the volume 
of crustal upheaval is about the same as the volume of crustal sub- 
sidence; and in such case no great amount of water would be with- 
drawn from other parts of the ocean, and few continental lowlands 
would emerge ; indeed if part of the subsiding area had been pre- 
viously above sea-level, as in a mid-Pacific continent, while none of 
the upheaved areas rose above sea-level, then on the assumption of 
equal crustal volumes being depressed and upheaved, the effect of 
the double change would be, not to lower, but to raise the general 
surface of the ocean, and thus to submerge continental lowlands 
and to produce innumerable rias by drowning valleys. The up- 
shot of all this is that, as the conditions of compensation for sub- 
siding areas are unknown, this consequence of the theory of sub- 
sidence need not be pursued further. 

"When Darwin's evidence is supplemented by the evidence of 
shoreline embayments and by that of related plants and animals, 
the theory of subsidence appears successful in explaining a great 
number of barrier reefs, and it thus becomes probably successful in 
explaining atolls also. It has an admirably ingenious simplicity* 
Its main postulate is reasonable, particularly in the revised form 
of prevailing and predominating subsidence, not infrequently in- 
terrupted by pauses and occasionally alternating with small up- 
lifts. The theory of subsidence therefore appears to be well 
supported by the review here made. It is gratifying to see that it 
is supported also by the recent observational studies on Pacifie 
reefs made by Hedley, Taylor, Marshall and other Australasian 
investigators. Judgment as to its verity must, however, be sus- 
pended until certain other theories have been considered. 

Uplifted Reefs, worn down. 18 Certain fringing and barrier reefs 
and atolls are surmounted by more or less disconnected masses of 
calcareous rock, up to a hundred feet or more above sea-level. It 
is believed that such masses are remnants of formerly larger sea- 
level reefs or deep-sea limestones, which have uplifted and more 
or less completely worn away; the present sea-level reef being 
established on the denuded outer margin of the older mass ; hence, 
in this connection, the general study of uplifted reefs may be in- 

18 A. Afcassiz: The Islands and Coral Reefs of Fiji, Bull. Jf»s. Comp. Zool., Harv. Coll., 
Vol. 38,1899. Seep. 48. 
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troduced. If the present sea-level reef be a barrier or an atoll, the 
floor of the enclosed lagoon would, according to this theory, have 
to be reduced below sea-level by the action of solution or other de- 
structive process on the uplifted limestones. It may be noted that 
the destruction of the uplifted reef must usually be ascribed to 
non-marine erosion, because the growth of reef-building corals 
along the new shore line will ordinarily defend it from the attack 
of the sea. 

The structure, and hence the condition of formation of an up- 
lifted limestone is seldom specified. If it be a deep-sea limestone, 
its even bedding and its fossils should reveal its origin ; and in this 
case the relation of the limestone to its foundation would be of par- 
ticular interest, for if the contact of the two be unconformable, a 
great subsidence previous to the deposition of the deep-sea lime- 
stone would be indicated. If the elevated limestone were formed 
as a reef around or upon a volcanic island without accompanying 
subsidence, the structure of the reef should, as noted under the 
second and third theories here discussed, give indication of such an 
origin, provided that the reef is not too much worn away; in this 
case the foundation, where covered by so much of the uplifted reef 
as still remains, should not be an eroded surface, for that would 
indicate that the foundation was a subsided instead of a still- 
standing island. Furthermore, some signs of erosion of the central 
island, if one be present, and of deposition of its detritus in deltas 
with respect to the former base level should be found at a height at 
least as great as that of the highest visible parts of the uplifted 
reef now remaining. Again, a deeper erosion of the central island 
and of its earlier deltas should have taken place with respect to the 
present base level since uplift, and to an amount appropriate to the 
dissection and denudation of the uplifted reef ; if the uplifted reef 
be seen only in small remnants, the deeper erosion may now be so 
far advanced as to have destroyed all traces of the earlier erosion. 
Deltas deposited since uplift should form conspicuous salients if 
the central island be large and if the uplifted reef be nearly con- 
sumed; but the delta heads should not fill former embayments, 
because the shore line of a volcanic island, when uplifted for the 
first time, has no such forms. Finally, neighboring islands should 
not exhibit biotic relations, indicative of evolution from common 
and somewhat remote ancestors, for such kinds of their plants and 
animals as are not capable of transporting themselves, and as are 
not subject to accidental transportation. 

It is, on the ather hand, conceivable that the uplifted limestones 
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may represent a reef formed during a former period of subsidence. 
This would seem to be eminently possible in the case of uplifted 
limestones that surmount, by a moderate altitude, the reefs of 
atolls, the mass of which rises in flat-topped cones from a consider- 
able depth and in such a form as could hardly be imitated by the 
uplift of blocks of wide-spread, deep-sea strata; especially if these 
atolls are associated in such a way with neighboring barrier reefs 
possessing embayed, central islands as to make it probable that 
subsidence has had a dominant share in the formation of both. In 
the case of an uplifted barrier reef, formed during subsidence and 
still well preserved, the reef structure, the lagoon limestones, the 
former shore line features of the central island, and the uncon- 
formable relation of the reef mass to the foundation that it buries, 
should all correspond to the conditions outlined under Darwin's 
theory: in the uplifted reefs of Cuba, an eroded foundation sur- 
face and an unconformable contact is implied by Crosby's state- 
ment, 19 that the reefs rest on "ancient and non-calcareous moun- 
tains," and by Hill's structural cross sections 20 : this demonstrates 
subsidence before or during the deposition of the reefs. Further- 
more, the present shoreline of the central island might, in case up- 
lift occurred long ago, exhibit resurrected or re-excavated valleys, 
bordered with terracing remnants of their former deposits, and 
floored with new, low-level flood plains, .sloping gently to the sea, 
and fronted with salient deltas; but there should be no unfilled 
embayments. In the case of uplifted and greatly denuded barrier 
reefs, on or around which a new barrier reef has been formed, it 
would of course be difficult to apply the structural tests regarding 
the origin of the earlier reef. In barrier reefs as well as in atolls 
which bear remnants of denuded uplifted reefs, if the lagoon is as 
much as twenty fathoms in depth, it could be best accounted for, 
as Darwin noted, by slight subsidence after greater uplift and 
extensive denudation. 

Special attention should be called to the unlike features pre- 
sented between recently uplifted reefs that had been previously 
formed by outgrowth around a still-standing central island, and 
recently uplifted reefs that had been previously formed by up- 
growth around a subsiding central island. Reefs of the first kind 
should contour around the former shore line, but without entering 
any valleys that may have been eroded with respect to the then 

19 W. O. Crosby : On the Elevated Reefs of Cuba, Proc. Boat. Soc. Nat. Hist., Vol. 28, 
1882, pp. 124-130. See p. 126. 

20 R. T. Hill: Cuba, Natl. Qeogr. Mag., Vol. 9, 1898, pp. 198-242. See p. 201. 
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sea-level; its thickness, as revealed by borings, should be fairly 
uniform at a given distance from the former shore line, and should 
increase with much regularity seaward. Reefs of the second kind, 
or their lagoon limestones, should enter every valley, so as to ex- 
tend inside of a line connecting the outermost outcrops of volcanic 
rocks in the spur ends at the former shore line; the thickness of 
the reef deposits should increase opposite each valley, and decrease 
opposite each spur. Silence of observers regarding these strongly 
contrasted features, as well as regarding reef structure, makes it 
impossible at present to decide as to the origin of uplifted reefs; 
for, as far as I have read, few of the facts corresponding to these 
special consequences have been looked for, probably because the 
consequences have not been consciously deduced by the observer 
who had the chance of looking. Lister has described the uplifted 
reefs of the Tonga Islands, 21 but does not specify their structure. 
Andrews has studied a number of uplifted reefs in the Fiji group 22 
and shows that some of them, at least, are largely composed of 
horizontally bedded, non-coralline limestones; this would seem to 
suggest upward rather than outward growth : whether these reefs 
lie on eroded or non-eroded foundations is not clearly brought 
forth. Even if looked for, some of the facts may be hard to find ; 
but it would seem that the relation of an uplifted barrier reef to 
the valleys in the dissected volcanic mountain that it surrounds 
ought to be easily discovered. In the absence of special records, 
judgment should be suspended for the present. 

The limestones of some of the uplifted and denuded masses, 
which surmount modern reefs, are said to be of Tertiary age ; but 
the evidence on which this date is ascribed to them is not published 
in full. In any ease the date of the limestones — so long as they 
are geologically modern — is not so significant in its bearings on the 
origin of coral reefs as has been intimated, inasmuch as any good 
theory of reef formation should apply in one geological period as 
well as in another. Should the uplifted limestone masses be shown 
to be largely of coral reef and lagoon origin, and of such structure 
as indicates subsidence during their formation, a very simple and 
reasonable addition to Darwin's main theory, which he himself 
recognized (Coral Reefs, p. 140), would suffice to account for 
them ; and the theory would thereby be recommended as providing 
the counterparts of a somewhat remote as well as of a geologically 

21 On the Geology of the Tonga Islands, Quart. Jo-urn. Geol. Soc, Vol. 47, 1891, pp. 590-617. 

22 Notes on the Limestones and General Geology of the Fiji Islands, Bull. Mus. Comp. Zool., 
Horn Coll., Vol. 38, 1900. 
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recent past. Should the limestone masses bear indication of for- 
mation as outgrowing reefs on still-standing islands, or of deposi- 
tion on a deep-sea bottom, other theories than Darwin's would be 
thereby supported. 

It has been suggested that the theory of uplifted and worn- 
down reefs might find a wide application in explaining many reefs 
and atolls, in which practically all the uplifted mass has been 
worn away; but to suppose "that the uplifted parts [of existing 
atolls] have been worn down by the surf, and thus have escaped 
observation, is overruled by the very considerable depth of the 
lagoons of all the larger atolls," as Darwin noted years ago (Coral 
Reefs, p. 146) ; and to suppose that existing barrier reefs have 
been similarly uplifted and worn down is negatived for many cases 
by the drowned valleys of the central islands, as Dana might have 
pointed out. It may be added that a barrier reef could not be 
formed in this way around an island on which elevated reefs still 
exist as fairly continuous terraces, for that would be blowing hot 
for the worn-away uplifted reef and cold for the still-preserved 
uplifted reef, in the same theoretical breath; and yet barrier reefs 
around islands that bear uplifted reefs are not unknown. 

8. Coral Beefs and the Glacial Period. 23 An exceptionally in- 
genious theory for the explanation of coral reefs remains to be 
considered. In essence, it postulates still-standing banks or islands, 
on or around which reefs of various dimensions had been formed 
by upward and outward growth in preglacial time; then, on the 
advent of the glacial period, sea-water is withdrawn to supply 
glaciers and ice sheets on the continents and the sea-level is lowered 
200 feet or more, and at the same time the corals on most of the 
reefs are killed. Thereupon the sea waves attack the undefended 
slopes of the reefs and cut them down to a smooth platform a little 
below the sea-level of that time ; afterwards, with the re-establish- 
ment of a milder climate, coral larvse, floating from reefs that 
have not been killed, re-establish themselves on the outer border of 
the platform, and, with the melting of the continental glaciers and 
the rise of sea-level, the new reef grows upward and encloses a 
lagoon, of which the depth and the smooth floor are thought to be 
better accounted for in this way than in any other. Islands like 
the Maldives are regarded as truncated reefs, incompletely built up 
to present sea-level. 

23 A. Penck: Morphologic der Erdoberflache, Stuttgart, 1894, Vol. 2, p. 660. 

E. A. Daly: Pleistocene Glaciation and the Coral Beef Problem, Amer. Joum. Set., Vol. 
SO, 1910, pp. 397-308. 
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A still-standing bank or island is here, as in other theories, im- 
probable. The withdrawal of sea-water to form continental 
glaciers and the lowering of the sea-level during the glacial period 
is not to be doubted: it must have taken place repeatedly, for 
whether ice-free interglacial epochs occurred on the continents or 
not, great advances and retreats of the continental ice-sheets cer- 
tainly took place; as the successive advances were of different 
measures, the successive lowerings of the sea-level must also have 
been of different measures ; the several periods of greatest lowering 
must have been relatively short. The maximum number of feet 
by which the sea-level was lowered may have been less than the 
amount above quoted, because the depression of certain glaciated 
lands, like Labrador and Scandinavia, while ice sheets lay on them, 
was presumably compensated by an uplift of the neighboring sea 
floor, and that would have tended to raise the sea-level. Whether 
the reduction of the ocean temperature was sufficient to kill the 
corals on most of the reefs or not is truly a difficult matter to 
determine ; but if it be for the moment assumed that the corals of 
most reefs were killed,, a number of peculiar consequences, not 
announced in the original statement of the theory, remain to be 
deduced. 

Plants and animals on neighboring islands would not show rela- 
tionships indicative of slow change from common ancestors, unless 
the depth of water separating their islands was less than the lower- 
ing of sea-level during the glacial period; and the evolutionary 
changes from common ancestral forms would not be greater than 
could have taken place in Pleistocene time. 

Barrier reefs and atolls on which the corals were not killed 
would have been defended from wave attack, for the corals would 
have migrated down the outer slope of the reef as the sea was 
lowered. The reefs thus defended should include all those which 
are surmounted by elevated limestone masses, such as were con- 
sidered under the preceding theory, on their outer margin over- 
looking a submarine slope into deep water: for had the reefs not 
been defended, all such elevated masses, well exposed to under- 
mining by sea attack, would have been cut away by the waves while 
the sea stood at its lower level. It is significant that several ex- 
amples of such surmounting limestones occur in the Fiji Islands 
and many more in the Paumotus, as described by Agassiz: he 
instances some small islands on the rim of an atoll (Ngele Levu) 
in the northeast part of the Fiji group, which "consist entirely of 
coral rock elevated to a height of over sixty feet on the larger 



730 The Home Study of Coral Beefs 

island," and with deep water up to the shore line on the north 
side. 24 Some of the uplifted limestones observed in the Paumotus. 
are described as "Tertiary"; if their more definite date were late 
Pliocene or early Pleistocene, that would prevent their interpreta- 
tion as having been formed and uplifted in postglacial time. 
Hence the corals on these reefs and in many other reefs farther 
west were presumably not killed during the glacial period, and 
this element of the present theory would therefore seem to have 
less wide-spread application than has been urged. The lagoons of 
these reefs are not exceptionally shallow; and yet according to the 
present theory they should be so; and furthermore, when uplifted 
"Tertiary" limestone occurs on a barrier reef, thus testifying to 
the persistence of the reef during the glacial period, deltas should 
extend forward into the lagoon from each valley of the central 
island — in so far as the preglacial lagoon floor and the deltas 
were not cut down by stream channels, or worn by solution into 
irregular honeycombed forms, while the sea was lowered. So far 
as the structure of the reef is determined by boring or otherwise, 
it should exhibit the outward-dipping strata characteristic of reefs 
formed on still-standing islands, and it should have a minimum of 
horizontal lagoon strata. The breadth of the reefs should be pro- 
portionate to the length of preglacial time during which the reef 
had been growing outward, and hence to the dissection of the cen- 
tral island also. The central islands, which could have had no 
drowned valley embayments in preglacial time, because no subsid- 
ence had then taken place, should now have drowned valleys only 
of such length and breadth as could have been eroded in the floors 
of the preglacial valleys while the sea was lowered; this point is 
considered in more detail below. 

All oceanic islands of preglacial date, outside of the coral and the 
glacial seas, should have a sea-cut platform of breadth propor- 
tionate to the duration of maximum glaciation, and now sub- 
merged in some 200 feet of water; cliffs, more or less completely 
submerged, should rise from the inner border of the platform, and 
drowned valleys should extend inland. All continental coasts 
should have similar features, except in so far as they were covered 
by ice, or in so far as the continents themselves suffered changes 
of level by which the development of these features was modified 
or prevented. 

Atolls on which the corals were killed could hardly have been 

24 A. Agassiz : The Islands and Coral Eeefs of the Fiji Group, Amer. Journ. Sci., Vol. 5, 
1898, pp. 113-123. See p. 116. 
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truncated to a uniform depth unless they were comparatively small,, 
for the level truncation of a large atoll demands a long stand of 
the sea at its lowest level during a single glacial epoch, and the 
return of the sea to the same lowest level in successive glacial 
epochs; and these are unreasonable postulates. The complete 
truncation of an atoll to one level could have been accomplished 
only during the maximum phase of the glacial epoch which ab- 
stracted the most water from the sea, and a single maximum phase 
could have hardly held its value long enough for the level trunca- 
tion of a large atoll. During the rise of the sea, when abrasion was 
most effective, the waves would have cut a slanting platform in so 
much of the atoll as was not already worn away; hence the level 
surface of truncation, which is regarded as a characteristic result 
of this theory, seems of improbable realization in large atolls; and 
some other cause should be found for the smooth lagoon floor of 
large atolls such as seem to be thus truncated. Very large atolls, 
on which the corals were killed, might not have been completely 
truncated, and hence should to-day possess a mesa-like shoal or 
island in the center of their lagoon ; and very broad barrier reefs, 
not protected by living corals during the lower stand of the sea, 
might still retain a bench-like part of their preglacial surface, 
more or less completely delta-covered, around the base of the cen- 
tral island ; the bench might be trenched if crossed by streams, and 
the trenches would now be occupied by bays ; outside of the bench, 
an abraded platform, cut to a lower level, would be submerged and 
enclosed as a lagoon by a new reef. But the great barrier reef — 
nearly an atoll — of Hogoleu, or Truk, in the Caroline Islands, 
thirty miles in diameter, shows no residual bench although its 
lagoon is from twenty to thirty fathoms in depth. 25 

The form of the valleys eroded in the central island of a barrier 
reef during the lower stand of the sea and now drowned, demands 
special consideration in relation to the features produced by marine 
abrasion. The most significant element of such valleys to-day is 
not their depth, for that may have been diminished by an unknown 
measure of deposition, but their breadth in relation to that of the 
preglacial valleys beneath which they were deepened; for their 
breadth would be little changed by the waves of the quiet lagoon 
waters and this change could be recognized and allowed for. Let 
it be remembered that the preglacial valleys extended to the island 
border, for no embayments could have existed then; hence the 

25 A. Agassiz : The Coral Reefs of the Tropical Pacific, Mem. Mus. Comp. Zool., Harv. Coll. r 
Vol. 28, 1903, p % . 354. 
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whole length and width of the present embayments must result 
from the drowning of the deep-cut valleys of the glaeial period. 

In case the preglacial valleys were narrow, because the islands in 
which they were eroded had been formed shortly before the date of 
the glacial period, the deepening of the valleys during glacial times 
might so completely undercut the walls of the previously eroded 
valleys that the latter could not be recognized to-day. But if the 
island were ancient enough to have suffered mature erosion in pre- 
glacial time, the incision of deeper valleys during the glacial period 
might not undercut the higher slopes of the enclosing ridges and 
spurs; and thus two-cycle valley forms might be produced. Two 
cases may be here distinguished; namely those of small and of 
great abrasion, as a result of short-lived and long-lasting abrasion 
during a lower stand of sea-level. 

Short-lived abrasion would, as above noted, leave uneonsumed 
benches in large atolls and in wide barrier reefs; but it might al- 
most completely truncate a small atoll, or almost completely remove 
a narrow barrier reef; its complete success in such removal would 
be prevented by the resistance of the volcanic rocks as soon as a 
contraposed 26 shoreline was developed. Corresponding stream 
erosion on the central island would produce only narrow gorges ; 
and these when drowned would give rise to narrow bays enclosed 
by steep walls rising to an "edge" or shoulder, where they under- 
cut the gentler slopes of the preglacial valley sides. The "edge" 
must be carefully distinguished from a structural bench formed 
by the outcrop of a single lava bed: a true "edge" should be rela- 
tively indifferent to structure; it should begin close to sea-level at 
the outer rim of the island, for, as above remarked, the preglacial 
valleys must have mouthed at the outer rim, and, gradually rising, 
it should extend a good distance inland. 

Long-lasting abrasion would completely truncate all but the 
largest atolls, and completely remove all but the largest barrier 
reefs. A central island that was surrounded by a narrow barrier 
reef in preglacial time, would in this case lose all of its reef, and 
would have a platform abraded in the volcanic rocks all around its 
border, so that the mountain spurs would all be cut off in cliffs; 
at the same time the streams would erode open valleys; and these, 
when drowned by the rising sea, would form open bays, the sides 

26 The term, contraposed, has been lately suggested by Clapp (Mem. IS, Dept. of Mines, 
Geol. Survey Branch, Ottawa, 1913) to designate a shoreline on resistant rocks that have been 
'aid bare by the removal of the weaker deposits that once lay in front of them. Many examples 
of locally contraposed shorelines are found along the New England coast, where the abrasion 
of drift has laid rock ledges bare. Contraposed shorelines thus correspond to superposed rivers. 
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of which would be but moderately precipitous up to a rounded 
"edge" or shoulder, above which the preglacial spur slopes were 
not encroached upon by the new valley. The lagoon waters would 
rest against the spur-end cliffs, from which the talus might not yet 
rise from the drowned cliff base to sea-level. In case it be sup- 
posed that the total period of lower sea-level was long enough for 
the mature widening of the deepened valleys, so that all traces of 
preglacial forms were undercut and destroyed, then the spur-end 
cliffs should be cut so far back as to become conspicuous features. 

It is not possible to say definitely at present whether actual 
forms, fully corresponding to either of these groups of deduced 
forms, occur or not ; but it may be suggested that if the forms of 
either group were of general occurrence, their details would prob- 
ably have been noted. As far as large-scale charts suffice to show 
the facts, the embayments that prevail in the central islands of 
barrier reefs are wide rather than narrow, yet the spurs are not 
shown to be cut off in cliffs; their ends usually taper down and 
disappear gradually beneath the lagoon waters. The excellent 
model of Bolabola, a typical barrier reef island in the Society 
group, made from personal observation by G. C. Curtis for the 
Museum of Comparative Zoology at Harvard University, gives no 
indication of two-cycle valleys or of cliffed spur-ends. 

It is, however, possible that the cliffs of the Marquesas Islands, 
situated where the cold waters of the Humboldt Current have just 
become warm enough for coral growth, but where coral reefs are 
to-day scanty or wanting, may be explained by an early extinction 
of corals at the beginning of the glacial period, by the abrasion of 
the reefs and energetic cliff-cutting during the lower stand of the 
sea, and by the failure of corals to re-establish themselves on the 
cliffed shore line in postglacial time. On the other hand, no ease 
of the opposite kind, namely, a broad reef with a very shallow 
lagoon or no lagoon, in the warmest part of the Pacific, as an ex- 
ample of a reef on which the corals were not killed, and which 
was therefore not truncated during the lower stand of the sea, 
has been safely identified; and this is the more adverse to the 
present theory, when it is recollected that the corals of the Paumotu 
atolls, south of the Marquesas, appear to have survived the re- 
frigeration of the glacial period, as above stated; and hence 
that they and many other reefs of the warmer ocean, farther west- 
ward, ought, according to this theory, to have very shallow lagoons 
or no lagoons, instead of lagoons of ordinary depth, such as they 
actually possess. 
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Inasmuch as some lowering of sea-level during the glacial period 
is not to be doubted, although the amount of lowering is uncertain, 
and inasmuch as one or the other group of consequences of such 
lowering, as deduced in the preceding paragraphs, ought to be re- 
peatedly and consistently found in actual coral reef islands, we 
seem to be left in a quandary when, on recourse to the facts as far 
as they are now known, it appears that neither group of deduced 
consequences is verified. A partial escape from the quandary may 
be found by rejecting the postulate that the corals of most reefs 
were killed by the colder ocean waters of the glacial period — it 
being remembered that good warrant for such rejection is given 
by the occurrence of uplifted limestones in the Paumotus and other 
island groups; for then the reefs would have been protected from 
abrasion and the ends of the spurs would not be cliff ed : but signs 
of two-cycle valleys ought in this case to be found on some islands. 

Another escape from the quandary is found by rejecting the 
postulate of still-standing islands, and by combining the essential 
elements of the theory here under discussion with the second 
earlier theory — Darwin's theory of subsidence — whereby the con- 
sequences of a lowered sea-level would, in nearly all islands, be 
lost by submergence, unless exceptional instances of pauses in sub- 
sidence allowed the effects of lowered and raised sea-level to stand 
forth alone, just as a pause in subsidence has allowed the growth 
of deltas around Tahiti. If the two theories were thus combined, 
the present theory would, geologically considered, take rank as 
a subordinate complication of Darwin's theory, like brief still- 
stands or temporary uplifts; but it would be of little import geo- 
graphically, because its consequences would be so generally in- 
visible. 

Review of the Preceding Discussion. One result of the preced- 
ing discussion is, to the present writer, more surprising than any 
other; namely, the relative indifference shown by many investi- 
gators of the coral reef problem, to the deduction of unexpected 
consequences from the theories that they announce, and, as a cor- 
ollary of this, the incomplete confrontation of deduced consequences 
with appropriate facts as a means of testing the value of the 
theory from which the consequences are deduced. It would there- 
fore seem that some other method of investigation than the one 
set forth in the introductory pages of this essay must have been 
satisfactory to these investigators, but what this other method 
may be does not clearly appear. 

Surely all investigators must recognize that observation alone 
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will not suffice to discover the origin of eoral reefs, and that re- 
course must therefore be had to speculating on past possibilities, 
to imagining unseen processes, to inventing hypothetical explana- 
tions, in the hope of thus coming upon the mental counterparts of 
past verities in the formation of coral reefs. Indeed, the very fact 
that different investigators have announced different views should 
make it clear that appeal must be made to some decisive method of 
testing the different views or hypotheses or schemes that have been 
suggested; and as far as I have been able to penetrate the matter, 
there is no other way than the one above indicated : — the careful de- 
duction of all possible consequences from each invented theory, the 
fair-minded confrontation of the several sets of consequences with 
the appropriate facts, and the impartial judgment as to the success 
of the confrontation. It has been in accordance with this plan that 
a careful search has been made, as above set forth, for all the con- 
sequences of every theory of coral reef, with the result, as already 
stated, of more or less definitely excluding certain theories, and of 
more or less definitely establishing certain others. Yet, evidently 
enough, a much less elaborate method of investigation has been 
sufficient to convince many observers of the correctness of their 
inferences, which, as here analyzed, seem unsatisfactory. 

But it is not only exploring investigators of coral reefs who have 
been satisfied to accept theoretical explanations on what are here re- 
garded as insufficient grounds. Various home students of this 
problem have also been willing to accept or to reject one explana- 
tion or another for similarly insufficient reasons. Thus after the 
theory of outgrowing reefs on still-standing islands had been an- 
nounced, various writers gave up the previously accepted theory 
of upgrowing reefs on subsiding islands without asking for any test 
— such as drowned valley embayments or peculiar biotic relations 
— by which a discriminating choice might be made between the 
two theories. Again, on the discovery of a new cause of change 
in the relative attitude of land and sea, such as is provided by the 
withdrawal of ocean water to form the continental ice sheets of 
the glacial period and the return of the water on the melting of 
the ice sheets, this new cause was, by some, taken as substitute 
for the previously suggested cause of change of level as provided 
by subsidence of the ocean bed, yet again without the presentation 
of decisive tests that should exclude the earlier and confirm the 
later suggestion, and without asking whether a combination of both 
eauses acting together would not provide a better explanation of 
the total phenomena than could be secured through either cause 
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acting alone. It is therefore quite as much on account of diversity 
in method of discussion as on account of difference of emphasis 
placed on divers facts, that the coral reef problem has been differ- 
ently solved by different students. 

Another result of the preceding discussion is also significant; 
namely, that the conscious and critical examination of the various 
theories of coral reefs can lead to the deduction of certain essential 
consequences of each theory which must be the counterparts of the 
facts if the corresponding theory be correct, and yet which have 
not, as far as one may judge by published articles and reports, 
been consciously enough in the minds of those who proposed or 
adopted a certain theory to lead them to state whether these con- 
sequences are confirmed or contradicted by the facts. Thus cer- 
tain observers of uplifted reefs, who have preferred the theory 
of still-standing outgrowth to the theory of subsiding upgrowth, 
have not reported whether the uplifted reefs that they have ob- 
served possess a structure of one kind or another; they have not 
even stated whether the reefs rest on a non-dissected volcanic 
slope, as the theory of still-standing outgrowth demands,' or 
whether they lie upon an eroded volcanic slope, as the theory of 
subsiding upgrowth equally demands; and thus they have failed 
to present to their readers some of the critical tests by which the 
rival theories can be discriminated. Other observers of barrier 
reefs have not, whatever theory they adopt, reported whether the 
embayments of the central island occupy valleys of normal erosion 
or graben due to volcanic engulfment. In the absence of state- 
ment concerning these critical facts, safe judgment cannot be 
reached. 

The evident moral of all this is that an outline scheme, which 
in its first invented form gives a general explanation for the things 
that it was invented to explain, must be systematically extended 
by the mental process of deduction until it includes all the imagin- 
able details in the series of events that it involves; in short, until 
it shall give a complete historical account of all correlated phenom- 
ena within the region under investigation. Only after the outline 
scheme is thus filled out will an observer on the ground be able to 
test it by comparing its unexpected consequences with previously 
unnoticed facts. Indeed, only after the observer is thus led to 
direct his attention to the occurrence or non-occurrence of certain 
significant facts will he be able to certify whether such facts occur 
or not; "for there," as Playfair so well said, "the clue of theory 
is necessary to direct the observer : ' ' — not to direct him to see the 
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desired facts whether they exist or not, but to direct him to see 
whether or not they do exist. This moral is indeed so evident a 
corollary of the method of investigation here adopted, that its 
omission, by many students of coral reefs, emphasizes the con- 
clusion above noted, to the effect that for them some other method 
of investigation must have seemed sufficient. Indispensable as the 
method of investigation here outlined is to those who follow it, 
familiar as it is to those who know it, it is perfectly clear that not 
this, but some other method, has been employed by all students of 
the coral reef problem. 

Summary of Results. Ignorance concerning important struc- 
tural details of most coral reefs will probably continue for centuries 
to come. Even if a few selected reefs are perforated by many deep 
borings, so that their structure is well determined and their 
origin demonstrated, it will not follow that all other reefs are of 
the same structure and origin. Hence all that can be hoped for in 
the way of a solution of the coral reef problem — or of any similar 
problem — is a high probability of correct explanation, in which 
the inferences that are strongly supported by closely studied reefs 
may be fairly extended to other similar but less studied reefs. In 
a comprehensive theory which embraces fringing reefs, uplifted 
reefs, barrier reefs and atolls, it may well be that the evidence on 
which the finally accepted theory is supported is based more largely 
on uplifted reefs and barrier reefs than on reefs of the other two 
classes. With regard to the origin of one of these classes, fringing 
reefs, there is general agreement, for all theories begin with fring- 
ing reefs; but the origin of the other class, atolls, must re- 
main only indirectly inferred. At the same time, however suc- 
cessful any one theory may be, it would be unreasonable to exclude 
all operation of other less successful theories, which may in special 
cases provide supplementary explanations for peculiar features. 
Furthermore, however many subordinate modifications are intro- 
duced, they will not lessen the value of a primary principle, but 
merely embroider secondary complications upon it, in the same 
way that the attractions of the planets cause minor perturbations 
in the earth's orbit, of which the general form is controlled by the 
dominating attraction of the sun. 

Although atolls are more numerous than barrier reefs, the two 
forms appear to be so related to each other, and both appear to be 
so closely related to fringing and to uplifted reefs, that no theory 
can be accepted for any one of these forms which does not, under, 
proper conditions, reasonably account for the others as well. As 
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to fringing reefs there is no difficulty : they are begun by colonizing 
coral larvse on any new shore line where proper conditions for 
coral growth are offered. As to uplifted reefs, it is only necessary 
to add elevation to the previously acting processes of accumula- 
tion; but so few details of their structure have been reported that 
proof of their origin, other than as narrow fringing reefs, is not 
at present forthcoming. 

As to atolls, so much of their under-structure is unknown that 
full confirmatory evidence of any theory of their origin will be 
difficult to secure: conclusions regarding them will be derived 
chiefly from reefs of other kinds. Apart from the close study of 
uplifted reefs and from deep borings which might reveal the 
structure of large barrier reefs, it is chiefly from the central islands 
within reefs of the latter class that independent evidence may be 
secured, confirming or contradicting any theory by which such 
reefs are to be explained; for no general theory of coral reefs can 
be accepted which does not account for the associated features of 
the central islands within barrier reefs; particularly for the 
features of their shore lines, and for the biotic relations of neigh- 
boring islands, as well as for the structure of the reefs themselves. 

Only two of all the theories above considered can account for 
the embayed shore lines of the central islands and for their biotic 
relations as above indicated. The eighth theory, which relates a 
recent upgrowth of new barrier reefs on the truncated platform 
of earlier formed reefs to the rise of sea-level after its depression 
during the glacial period, will account either for narrow embay- 
ments between tapering spur ends on the central islands or for 
wide embayments between cliffed spur ends, and also for recent 
biotic relations of neighboring islands that are separated by shal- 
low water passages: but it will not account for wide embayments 
between tapering spur ends or for biotic relations of remote origin 
on neighboring islands separated by deep-water passages. On 
the other hand, the sixth theory, which relates the upgrowth 
of barrier reefs to a general subsidence of their foundation, will 
very satisfactorily account for wide embayments between tapering 
spur ends and for biotic relations of remote origin on neighboring 
islands separated by deep-water passages. Hence the theory of 
subsidence appears to be the most successful of all the theories 
that have been here discussed. It may be modified so that, while 
retaining the dominant factors of the original theory, it will in- 
clude certain subordinate factors derived from other theories, such 
as outgrowth on certain islands during temporary still-stands and 
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abrasion on certain islands at a lower level during the glacial 
period ; but subsidence will still remain dominant. Surely a pause 
in a long subsidence, and the accompanying outgrowth of a reef 
with the correlated forward growth of deltas in the previously 
drowned valleys on a single island, would not invalidate the gen- 
erality of subsidence elsewhere indicated by the absence of deltas 
and the occurrence of unfilled embayments in the central islands 
of nearly all barrier reefs. Oscillations of sea-level must have 
occurred in consequence of changes of climate during the glacial 
period, and their -effects must be looked for; but in view of the 
facts as now reported, the oscillations are best regarded as small 
changes superposed on a dominating subsidence. The abrasion 
of a platform around a volcanic island and the subsequent growth 
of a veneering reef on the outer border of the platform is easily 
conceivable, but it does not seem to have been an actual process 
on islands that are not rimmed around by cliffs. The develop- 
ment of a new barrier reef by the wearing down of a previously 
formed and uplifted mass of coralline limestone sets the origin 
of such a mass back into an earlier period of time, when, if it sur- 
rounded an eroded slope, its formation in the sea must have been 
preceded by submergence of the eroded land surface: but more 
must be learned of the structure of uplifted coralline limestones 
on the flanks of volcanic islands before their origin can be safely 
determined. Subsidence still seems to be the dominating factor. 

The home study of coral reefs — or rather the home study of the 
reports of observers who have seen coral reefs — therefore reaches, 
as here set forth, the same general conclusion that has been 
reached by several investigators who, living in Australia or New 
Zealand, recently have had occasion to examine the not distant 
reefs of the Pacific; for these investigators also attribute a domi- 
nating importance to subsidence. 

The home study of coral reefs has, however, a special bearing 
to which reference has not yet been made: it is the best prepara- 
tion that one can make for the observational study of coral reefs; 
and it is chiefly with that object that the home study of coral reefs 
here set forth has been undertaken. 



